1. Introduction {#s0005}
===============

Bone tumor is rare in prevalence. In the UK, approximately 400 bone tumor patients (all ages) are diagnosed annually. In the United States, approximately 650--700 children and young adults under 20 years of age are diagnosed with bone tumors each year ([@b0025]). This disease occurs mostly in children and adolescents, with the highest incidence between 14 and 18 years of age ([@b0085]). The clinical cure rate of bone tumors is very poor. Patients often need to be given limb salvage surgery to prevent tumor cells from migrating and spreading. The prognosis of the disease is extremely poor as well, with 30--40% recurrence rate and lung metastasis([@b0020]).

Integrin associated protein (CD47) is a glycoprotein with a membrane receptor of about 50 kDa. It belongs to the immunoglobulin superfamily and is widely expressed on the plasma membrane of all hematopoietic cells and many other somatic cell types ([@b0055]). Oldenborg et al. found that CD47 is a self-marker of rat red blood cells (RBCs) and that CD47-negative RBCs are rapidly cleared from the circulation after being engulfed by macrophages. In addition, tumor cells escape phagocytosis of macrophages by expressing CD47. The clinical significance of CD47 expression in leukemia has been extensively studied ([@b0065]). In solid tumors, including bladder cancer, CD47-expressing cells are identified as the tumor initiation population. Also, breast cancer patients with high CD47 expression had a significantly worse prognosis than those with low CD47 expression ([@b0050]). In 2015, researchers found that blocking CD47 expression was associated with enhanced T-cell-mediated clearance of immunogenic tumors, in addition to the accelerated macrophage phagocytosis ([@b0090]). Therefore, CD47 has become a hotspot in the field of immunotherapy.

Anti-tumor effects achieved by immunomodulating methods have been applied clinically. It has been shown to be an effective treatment for cancer by targeting specific antibodies to antigens. The magnificent success of PD-1 and CTLA-4 in clinical trials evidenced that targeting the immune cells is an efficient strategy ([@b0075]). In addition, the anti-tumor activity of activated macrophages has been a research hotspot in recent years, especially in the study of the anchor of CD47 protein molecules and the interaction of macrophage signal-regulated protein α (SIRPα). As a transmembrane protein, CD47 binds to the SIRPα, which blocks the phagocytosis of macrophages ([@b0070]). The high expression of CD47 has been reported in a variety of malignancies, and this mechanism is a self-protective response of cancer cells - they avoid phagocytic activity of macrophages. In addition, high CD47 expression in patients with bone tumors is associated with poor prognosis ([@b0005], [@b0015], [@b0080], [@b0095]).

This study was aimed to investigate the effect of anti-CD47 antibody on bone tumors in rats, so as to make a full preliminary study on the further clinical application of anti-CD47 antibody.

2. Material and method {#s0010}
======================

2.1. Cell line and cell culture {#s0015}
-------------------------------

LM8 cells were cultured in DMEM medium added with 10% fetal bovine serum (American Life Technology, Inc.); culture of KRIB cells (Cell bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences), a human osteosarcoma cell line, were carried out in RPMI-1640 medium with FBS at 37℃ in 5% CO~2~.

2.2. Establishment of rat bone tumor model {#s0020}
------------------------------------------

ACI male rats were from Shanghai Laboratory Animal Center, Chinese Academy of Sciences. LM8, a cell line extracted from murine bone tumor cells, has a very high rate of organ metastasis in ACI male rats. The bone tumor model of rats was established by subcutaneous injection of LM8 cells into the back (via the migration characteristics of LM8). B6H12 and Ab400, the monoclonal antibodies (mAbs) of Anti-CD47, were generated by the hybridoma cell lines. ACI male rats were randomly grouped to three, with 20 rats in each. B6H12 and Ab400 were used in two groups, while the rest group, as the control group, was applied with lgG immune globulin. After transplantation of the LM8 cell line, all three groups were injected with 0.5 mg of B6H12, Ab400, and IgG immunoglobulin the following day. Thereafter, the same drugs were injected intraperitoneally once a week in each group until osteosarcoma was completely cured or the rats died.

2.3. Physiological status assessment {#s0025}
------------------------------------

Eight weeks after LM8 cell line transplantation, 5 rats were randomly selected from each group for physiological status assessment, including tumor development status, spleen size, etc.

2.4. Real-time quantitative PCR {#s0030}
-------------------------------

With the Tiangen RNA isolation kit, we extracted the total RNA from the tumor tissues. The quality and concentration of RNA were determined using Evolution 201 ultramicrospectrophotometer. 1 μL of RNA was used to remove genomic DNA using 4 × gDNA wiper Mix. 4 μL 5 × qRT SuperMix II was added to generate cDNA at 50℃ for 15 min. SYBR Green Master Mix PCR kit was used for real-time quantification. Melt curve analysis was performed to evaluate the product. Each sample was repeated three times, and the mean C(t) value was calculated. The ΔC(t) was calculated as C(t)-C(t) GAPDH. The method for n increases or n decreases, ΔΔCt, was calculated by the calculation formula, and used the C(t) GAPDH value as the reference point.

2.5. Western blotting {#s0035}
---------------------

Sample of tumor tissue (25 μg/lane) was injected into the SDS-PAGE gel, followed by the transferring onto a polyethylene difluoride membrane, and incubation in 5% milk TBST. Proteins on the membrane were probed at 4 °C with CD47 antibody Ab (Abcam), and following a membrane wash in TBST for 15 min, the immunoblots were incubated in suitable second antibody (1:5000; Jackson ImmunoResearch). Membrane was then incubated by the ECL reagent, and imaged (American sham Biosciences).

2.6. Antibody preparation and MTT assay {#s0040}
---------------------------------------

LM8 cells were inoculated in vitro and counted in 96-well plates. IgG immunoglobulin, B6H12, or Ab400 antibody groups were added to the wells at 10, 3 or 1 μg/mL per well. After incubation at 37 °C for 24, 48 and 72 h, 20 μg/mL of MTT (Promega) was added to each well for incubation to test cell viability. Four hours later, the culture medium in the wells was aspirated, MTT solubilization solution was added, and the incubation was continued for 15 min. The absorbance of each well was calculated by spectrophotometer at 590 nm and referenced to 620 nm.

2.7. *In-vitro* assay of macrophage phagocytosis {#s0045}
------------------------------------------------

Peritoneal macrophages were isolated from the abdominal cavity of 6 weeks old ACI rats, and 5 × 10^4^ macrophages were inoculated into the 24-well plate and randomized into the B6H12 group, Ab400 group, and IgG immunoglobulin group. After incubation of macrophage in serum-free medium for 2 h, 2 × 10^5^ CFSE was added to each well to label LM8 cells. Phagocytosis was evaluated by the quantity of CFSE-positive cells every 100 macrophages, as the phagocytosis index. B6H12, Ab400 and immunoglobulin were added to the wells at 10 μg/ml, followed by 2 h of incubation at 37 °C and imaging under the confocal microscope without macrophage.

3. Results {#s0050}
==========

3.1. CD47 expression decreased in B6H12 group and Ab400 group {#s0055}
-------------------------------------------------------------

To understand the role of CD47 in osteosarcoma, and to detect the anti-tumor effects of B6H12 and Ab400 antibodies in bone tumor tissues of ACI rats, we randomly selected five rats from three groups to extract bone tumor tissues for quantitative detection of CD47. To further validate the effect of B6H12 and Ab400 antibodies on other rat cells, we extracted venous blood from tails of the 60 rats in three groups and detected the expression of CD47 in the blood. It was found that CD47 in osteosarcoma was significantly up-regulated, compared with B6H12 and Ab400 groups. Since direct sequencing and Sanger-PCR sequencing did not reveal any other DNA mutations in the CD47 gene promoter nor methylation abnormalities, we believe that CD47 might be modulated after transcription, which may be associated with the development and metastasis of bone tumors. To further verify if CD47 is closely related to the genesis and development of bone tumors, we tested the percentage of CD47 in CD44 positive cells. CD44 is a proven marker of bone cancer stem cells (CSC). The percentage of CD47 in the three groups of CD44-positive cells is indicated in [Fig. 1](#f0005){ref-type="fig"}B. CD47 was expressed in the majority of CD44+ cells at the same time, although the proportion was different (ranging from 80% to 99%), the data suggest that CD44+ cells in bone tumors mostly expressed CD47. These data further established that targeting CD47 can reduce the activity of osteosarcoma tumor stem cells.Fig. 1Anti-CD47 antibody potently inhibits CD47 expression (A) mRNA expression of CD47 in the three groups; (B) CD44+ cells with CD47 antibody; (C) protein expression of CD47 in the three groups.

3.2. Anti-CD47 antibody prolongs life span of rats {#s0060}
--------------------------------------------------

Long-term observation and life-span test of the rats in the three groups showed that the IgG immunoglobulin group could not effectively inhibit the metastasis of bone tumors and their spreading to multiple organs, while in the two groups treated with B6H12 and Ab400 anti-CD47 antibodies, the bone tumors were effectively inhibited. Other physiological indexes of rats were also gradually go back to normal with continuous intraperitoneal injection of B6H12 and Ab400 anti-CD47 antibodies. In the final life span statistics, we found that the life span of B6H12 and Ab400 groups was significantly different from the IgG immunoglobulin group ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Anti-CD47 antibodies B6H12 and Ab400 can prolong the life of ACI rats and improve the damage of bone tumors.

3.3. Anti-CD47 antibody reduces invasion of bone tumor cells {#s0065}
------------------------------------------------------------

To further analyze the functional potency of anti-CD47 antibodies, we designed and conducted in vitro experiments to figure out whether anti-CD47 antibody can inhibit osteosarcoma cell invasion by passing through artificial membrane filter. LM8 cells and KRIB cells were divided into three groups, each using anti-CD47 antibodies Abs (B6H12 and Ab400, 500 μg/mL) and IgG immunoglobulins in five replicates. The above samples were placed in cell invasion tester for detection. The cells were counted after 22 h. As a result, anti-CD47-treated bone tumor cells were less invasive than IgG-treated cells (LM8: P \<0.001; KRIB: P \<0.001). These results suggested that blocking CD47 expression by antibodies can inhibit the invasion capability of bone tumor cells. We further carried out MTT cell proliferation assay by incubating normal cells and bone tumor cells with IgG, B6H12 antibody and Ab400 antibody respectively, and measured cell viability after incubation. The groups with CD47 antibodies -- B6H12 and Ab400, compared with the IgG group, at the same antibody concentration and incubation time, showed no significant difference in survival of normal osteoblasts and bone tumor cells. This result indicated that the anti-CD47 antibodies are not cytotoxic and the therapeutic effect on tumor cells is not directly achieved by toxicity (see [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Anti-CD47 antibodies B6H12 and Ab400 inhibit the invasiveness of bone tumor cells.

3.4. Anti-CD47 antibodies inhibit bone tumor cell metastasis in ACI rats {#s0070}
------------------------------------------------------------------------

Bone tumor animal models were established using LAM cell lines. Most ACI rats have lung metastases after transplantation of LAM cells. To investigate how anti-CD47 antibodies alter bone tumor growth in ACI rats, we decided to establish the bone tumor models on ACI rats through injection of LAM cells. 15 days later, the success rate of building the rat bone tumor model was determined by imaging, and the successful models were selected. The rats were injected with anti-CD47 antibodies B6H12 and Ab400, 500 μg once a week; and the control group was injected with IgG antibody 500 μg once a week. After 120 days of treatment, imaging test was performed and various physiological test indicators were detected. 16 rats (80%) in the IgG -treated group were found to have tumors, while the anti-CD47 antibodies - B6H12 and Ab400 - treated groups were found to have a substantially lower probability of having tumors. 5 rats were randomly selected from each group (in total 15 rats) (Gao et al., 2017). Their tibia and spleen weights were determined after execution. The test revealed that the average tibia weight of rats treated with anti-CD47 antibodies was lower, and there was a significant difference (P \< 0.001) from the control group (as shown in [Fig. 4](#f0020){ref-type="fig"}A); while the spleen weight of the control group was significantly heavier, with obvious splenomegaly in the IgG treatment group (as shown in [Fig. 4](#f0020){ref-type="fig"}B). Incidence rate of spontaneous metastasis was lower in the anti-CD47 groups than that in the IgG group (P \< 0.0001). By imaging, we also found that 2 out of 20 rats (10%) in the anti-CD47 treatment groups had lung metastases. Comparatively, however, 80% of rats in the IgG treatment group had lung metastases. These results suggested that anti-CD47 can inhibit spontaneous lung metastases from xenogeneic osteosarcoma within mouse tibia phospholipids.Fig. 4Anti-CD47 antibodies inhibit bone tumor cell development and splenomegaly in ACI rats.

4. Discussion {#s0075}
=============

This study suggests that CD47 is critical to the tumorigenesis and development. Taking into account its indispensable expression, and its ability to modulate tumor cell growth and metastasis, its limitation of angiogenesis, as well as its response to tumor immune responses, CD47 may be an effective target for cancer treatments.

A number of recent studies have been looking at using functional blocking anti-CD47 monoclonal antibodies to inhibit, even cure, leukemia, and have achieved promising results ([@b0030], [@b0035], [@b0040]). For example, Sagawa et al. successfully utilized mAbs that directly against CD47 protein single strands to rapidly induce apoptosis of malignant lymphoid B cells isolated from leukemia patients, thus significantly increasing survival in mice implanted with a human lymphoblastic leukemia cell line ([@b0045]). In addition to direct induction of apoptosis, anti-CD47 monoclonal antibodies have other mechanisms that act on tumor cells, including stimulation of complement or antibody-dependent cytotoxicity, and induction of leukemic stem cell phagocytosis by disrupting CD47/SIRPα (signal regulatory protein α) interaction([@b0060]). It is worthy to note that the use of rat anti-CD47 antibodies can effectively promote phagocytosis of mouse acute myeloid leukemia cells without depleting normal hematopoietic stem cells, which demonstrates the feasibility of CD47-targeted therapies ([@b0010]). Anti-CD47 monoclonal antibodies in combination with rituximab (an anti-CD20 monoclonal antibody) promotes phagocytosis of macrophages, and has synergistic effect on uprooting Hodgkin′s lymphoma ([@b0005], [@b0015]).

Activation of CD47 induces apoptosis and also promotes cell proliferation and survival. On the other hand, tumor cell metastasis appears to be generally regulated by CD47. Therefore, when CD47 is antagonized, it can significantly reduce tumor cell metastasis, thus providing a feasible way to inhibit the spread of cancer cells ([@b0030], [@b0035], [@b0040]). Blocking the SIRPa/CD47 interaction to thereby promote the immune system\'s response to tumors, especially in the context of CD47 overexpression, seems to be a promising approach.

5. Conclusion {#s0080}
=============

By using anti-CD47 antibodies in the ACI rat bone tumor models, we found that CD47 is overexpressed, whereas the use of anti-CD47 antibodies significantly reduces CD47 mRNA levels. This study also demonstrated that blocking CD47 is a potentially effective treatment for bone tumors. Therefore, we hypothesized that CD47 might be an effective target in the treatment of bone tumors.
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